teins compete with secretory proteins for the translocatRNAs and ribosomes. Therefore, this analysis destroys tion machinery, whereas cytosolic proteins do not (Linthe very translation intermediates it is intended to examgappa et al., 1978) . Certain proteins, such as chains ine. Urea is a chaotropic agent that at high concentraof immunoglobin, exist in both secretory and membrane tions denatures proteins via direct binding to their surforms (McCune et al., 1980 (McCune et al., , 1981 , differing by a stretch face (Kawahara et al., 1965; Tanford, 1968 Tanford, , 1970 ; of amino acids located at the carboxyl terminus Timasheff, 1993) . Since urea does not affect the stability (McCune et al., 1980) . Translocation proceeds identiof the peptidyl-tRNA bond, it was used as our test for cally for the two isoforms until the membrane-embedmembrane extractability of transmembrane segments ding signal in the carboxyl terminus is reached for the (TMSs). membrane form. Further evidence for common bio-
In all experiments, the extraction of translocation intermediates was compared with that of proteins that chemical steps in the translocation of secretory and were released from their tRNA and ribosomes (Borel and Table 1 ). The DNA was transcribed, and the mRNA transcripts, truncated at different 3Ј positions, were transSimon, submitted). This was accomplished by treating each reaction with either of the protein synthesis inhibilated in in vitro translation reactions. When assaying translocation, we augmented these translations with tors puromycin or cycloheximide. Puromycin is a tRNA analog that is used by the peptidyl-transferase to release pancreatic ER microsomes. To examine each Pgp intermediate, reactions were first tested for proper targeting the nascent peptide-tRNA bond (Traut and Monro, 1964; Redman and Sabatini, 1966; to the ER microsomes. All intermediates, including the shortest construct with only one TMS of Pgp, were at and Potter, 1967; Monro and Marcker, 1967; Skogerson and Moldave, 1968) . Cycloheximide leaves this bond least 90% targeted to the ER membrane (data not shown). These targeted intermediates were used for furintact. There are substantial differences in glycosylation and, thus, in the translocation status of a protein bether analyses. Although much work has focused on elucidating the topography of this protein, there is not yet tween a nascent polypeptide that is a translation intermediate (i.e., attached to both its tRNA and its ribosome) a consensus on the number of TMSs (Chen et al., 1986; Gerlach et al., 1986; Gros et al., 1986; Zhang et al., 1993) . and the same peptide released from its tRNA (Borel and Simon, submitted) . For these reasons, analysis was For our purposes, it is accepted that Pgp has its amino terminus on the cytoplasmic side of the ER (Georges et limited either to those peptides that could be shown at the end of the experiment to be still attached to both Skach et al., 1993) . The true final topography or topographies of subsequent TMSs of Pgp will not their tRNA and their ribosome or to those peptides that had been deliberately released from their tRNA and riboaffect our observations. The translation reactions from the truncated mRNA somes (by puromycin) prior to extraction.
We chose P-glycoprotein (Pgp) as our model integral were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and usually yielded at least two transmembrane protein. Previously, we showed that the first TMS of Pgp moves across the membrane after exiting lation products (Figures 1B and 2) and often many more. Each of these has been characterized (Borel and Simon, from the ribosome, prior to the emergence of the second TMS. Thus, the TMSs sequentially translocate across submitted). One product (marked with an open circle) migrated at the expected molecular mass of the transthe membrane as they emerge from the ribosome. Here, we demonstrate that as translocation proceeds, before lated protein.
A second migrated at a predicted molecular mass that was 25-30 kDa heavier (marked with an release from the ribosome, the nascent TMSs can be extracted from the membrane. However, the protein inopen square). This heavier product was observed in the presence and absence of ER vesicles. However, it was termediates are not extracted as completely as secretory proteins, suggesting that they are partially stabilized not seen after any treatment that dissociates the peptide-tRNA bond, such as NaOH or Na 2 CO 3 , raising the with the membrane. Raising the salt concentration increases the extraction, while lowering the salt concentemperature of the translation reaction, or adding puromycin (see lanes 3 and 4 of Figures 1B or 2). When these tration reduces the extraction. In contrast, upon release from the ribosome, the polypeptides are resistant to translation reactions were treated with cefyltrimethylammonium bromide to precipitate tRNA, only the bands extraction. Thus, the data suggest that nascent TMSs, although spanning the membrane, do not integrate into indicated by open squares were in the pellet. All the bands marked by open circles remained in the supernathe lipid bilayer until the termination of synthesis. Until they are released from their biosynthetic ribosomes, the tant. Thus, although this slower-migrating band (open square) has not been reported in previous studies using nascent membrane proteins remain stabilized within an aqueous-accessible compartment by electrostatic intruncated mRNA, the data indicate that this band represents the true tRNA-bound nascent chain. When the teractions.
translation reaction was solubilized with detergent and fractionated on a sucrose gradient, it was this slower, Results open square tRNA-bound band that migrated with the ribosomes (Borel and Simon, submitted).
Translation Products from Truncated mRNA
The pSPMDR1 DNA template which encodes Pgp was Often more than one of these slower-migrating bands marked by open squares were observed (see lanes 1 linearized at different restriction endonuclease sites (see proteins (pre-pro-␣ factor) and membrane control protein (pSPSLGSTP) were translated in the presence of ER vesicles. The translation products for each protein were mixed, and the ER vesicles were harvested, resuspended in 4.5 M urea, and then centrifuged to separate supernatant (S) and pellet (P) fractions, as described in Experimental Procedures. The pre-pro-␣ factor and its glycosylated forms were consistently in the supernatant fraction. In contrast, the pSPS LGSTP and its glycosylated forms were consistently in the pellet (membrane) fraction. Similar results were observed using other control membrane proteins such as bovine opsin and vesicular stomatitis virus glycoprotein (data not shown). These control extractions were performed in parallel with all test extractions.
(B) Urea treatment fractionates tRNA-bound translocation intermediates from releasedpeptides. The mRNA TMS2ϩ22 was translated in reticulocyte lysate with pancreatic ER microsomes as described in (A). The translation mix was divided in half and treated with either puromycin (pur) or cycloheximide (chx) (as described in Experimental Procedures), and then the ER membranes were harvested and treated with urea as described above for the control proteins pre-pro-␣ factor and pSPS LGSTP. The tRNA-bound nascent peptide (marked with open and closed squares) was consistently found in the supernatant, extracted from the membrane fraction. In contrast, nascent peptides that had been released from their biosynthetic tRNA and ribosomes with puromycin (marked with closed and open circles) could not be extracted from the membrane and were consistently in the pellet fraction.
and 2 in each of the autoradiograms in Figure 2 ). Each Blobel, 1985) . The assay was tested by using a 4.5 M has been shown to be the consequence of different urea treatment on known control membrane and secreisoaccepting tRNAs bound to nascent polypeptide of tory proteins ( Figure 1A ). Approximately 80% of prethe same size (Borel and Simon, submitted). When the pro-␣ factor, a secretory protein, was in the supernatant tRNAs from these translation reactions were precipifraction, demonstrating that it was almost completely tated with cefyltrimethyl-ammonium bromide, only the extracted. After treatment with 4. The effects of these urea treatments (4.5 M urea in 150 romycin. Thus, the closed square bands were glycosymM KCl) were tested on six of the translocation intermelated, tRNA-bound nascent peptides. Another set of diates ( Figure 2 ). In the first two lanes of each panel of [ 35 S]methionine-labeled bands (closed circle) were ob- Figure 2 are translation reactions that were treated with served that migrated more slowly than the mature pepcycloheximide (to leave the translocation intermediates tide (open circle). These closed circle bands were obintact). The next two lanes were treated with puromycin served neither in the absence of ER vesicles nor in the (to release the peptides from the tRNA). For all conpresence of inhibitors of asparagine-linked glycosylastructs tested, >95% of the peptide released from the tion. Their mobility, though, was unaffected by NaOH tRNA was found in the membrane pellet (Figure 2 , lanes or puromycin. Therefore, the bands marked by closed 3 and 4 of each autoradiogram), indicating that they circles were glycosylated forms of the truncated tRNAcould not be extracted with urea. This was true for all released peptides. constructs tested, from the shortest (truncated 38 amino acids after the first TMS) to the longest (truncated 45 Urea Extraction of Control Membrane amino acids after the sixth TMS).
and Secretory Proteins
In striking contrast, a majority (50%-80%) of the transUrea treatment has been used to distinguish between peripheral and integral membrane proteins (Gilmore and location intermediates, those nascent peptides still 
. Urea Extractions on Translocation Intermediates in Physiological Salt
The shortened Pgp mRNAs listed in Table 1 were synthesized with pancreatic ER microsomes and treated with urea to extract nonmembrane proteins as described in Figure 1B . The results are shown for six of the constructs. Each translation was split in half and treated with cycloheximide (chx) or puromycin (pur). This allowed us to contrast the fractionation of translocation intermediates that were still attached to tRNA (cycloheximide-treated samples, lanes 1 and 2 of each gel) and nascent peptides that had been released from their tRNA (puromycintreated samples, lanes 3 and 4 of each gel). For all constructs, greater than 90% of the tRNA-released peptides fractionated as membrane proteins ( attached to their tRNA, were found in the supernatant after puromycin treatment, could not be extracted from the membrane with urea. fraction after urea treatment, indicating that they could be extracted from the membrane (Figure 2 , lanes 1 and It seemed possible that the attached tRNA was facilitating the urea-mediated extraction of the nascent chain 2 of each autoradiogram). Once again, in these cycloheximide-treated lanes, the analysis focused on those from the membrane. This was tested by treating the translation mix with 20 mM EDTA prior to extraction with bands (marked by open and closed squares) demonstrably bound to tRNA. It is difficult to resolve whether the urea ( Figure 3 ). The EDTA treatment disassembles the ribosomes, but leaves the peptide-tRNA bond intact. peptides unintentionally released from the tRNA (open or closed circles) were released prior to fractionation, Before urea was added, the translation mix was split into three samples that were treated with puromycin (to during fractionation, or during subsequent sample preparation.
break the tRNA bond; Figure 3 , lanes 1 and 2), cycloheximide (which leaves the translation machinery intact; The TMS1ϩ38 construct (the mRNA was terminated so that protein synthesis halts 38 amino acids after lanes 3 and 4), and EDTA (which breaks apart the ribosomes; lanes 5 and 6). In the presence of puromycin, TMS1; see Table 1 for details) in Figure 2A was truncated between the first two TMSs. There was no indication of the peptide was released, glycosylated on all three sites, and fractionated in the pellet. In the presence of cycloglycosylation on the translation peptide, and it was fully extracted from the membrane with urea. However, when heximide, much of the tRNA-conjugated peptide was in the supernatant. After EDTA treatment to break apart the ER vesicles were harvested from the translation mix, over 90% of the translation intermediates were harthe ribosome, none of the tRNA-bound peptide was extracted from the membrane pellet. This indicates that vested as well. This indicates that this translation intermediate has been targeted to the membrane. This is the presence of a tRNA on the peptide chain does not facilitate extraction from the membrane. further supported by the observation that after treatment with puromycin the peptide cannot be extracted with Alternatively, the ribosomes could be facilitating extraction of the translation intermediates. We consider urea. Similar observations apply to the TMS2Ϫ3 construct ( Figure 2B ). These shortest constructs did not this unlikely for the following reasons. First, following urea extraction, the ribosomes were located in the pellet, appear to be translocated, as assayed by glycosylation. However, they were harvested with the ER vesicles and, while the translocation intermediates were recovered either the secretory or membrane control proteins (Figure 4A ). The effect of varying the salt concentration on the translocation intermediate TMS2Ϫ3 is shown in Figure  4B . For this construct, 60% of the translocation intermediates (open and closed squares) were extracted from the membranes with urea in physiological salt (150 mM KCl; the lanes treated with cycloheximide [chx]). However, when the KCl was eliminated from the extraction buffer, only 11% of the translocation intermediate was extracted. In sharp contrast, when the KCl concentration was raised to 500 mM, 84% of the translocation intermediates were extracted from the membrane. At all three salt concentrations, only a small amount (7%-18%) of the peptides released from their tRNA with puromycin of TMS2ϩ22 and 61% of TMS5Ϫ10). And, again, none of the proteins released from their tRNA (open and closed circles) was extracted from the membranes. in the supernatant. Second, after urea treatment, the samples were fractionated on a 5%-30% linear sucrose Effect of Glycosylation on Extraction gradient. The translocation intermediates, while still of Translocation Intermediates bound to their tRNA, remained on top, and the riboIn the low salt urea treatment, a substantial percentage somes migrated down into the sucrose gradient. Thus, of the translocation intermediates remained associated during the urea extraction, not only were the translocawith the pellet fraction. The percentage of translocation tion intermediates freed from the membrane, but they intermediate that fractionated with the membrane in were freed from the ribosome as well (Borel and Simon, urea/low salt conditions was plotted ( Figure 6A ) as a submitted). This indicates that during treatment with function of peptide length for all nine intermediates. The the chaotropic agent urea, there were two competing percent in the pellet for the ribosome-attached intermereactions: urea was unfolding the peptide chain, diates ( Figure 6A , solid stippled line with closed trianallowing it to be extracted, and at the same time it was gles) increased with the length of the protein and then releasing the peptide chain from the ribosome, thereby leveled out. The first three data points, representing allowing it to integrate into the membrane. Therefore, the truncated proteins that were targeted to the ER memribosomes were unlikely to have facilitated extraction of brane but were not glycosylated, have approximately the proteins from the membrane.
30% of the protein associated with the pellet. At the fourth point (TMS2ϩ22 construct), the extraction decreased, with 59% in the pellet. Finally, the percentage Effect of Salt on Urea Extraction of protein in the pellet reached a plateau of 70%-80% of Translocation Intermediates for the larger tRNA-bound intermediates. In all cases While a majority of the translocation intermediates were after puromycin-induced release of the translocation inextracted by urea (Figure 2 proteins that contained close to two TMSs, or more, closed squares), they were not as completely extracted were in the pellet ‫)%09ف(‬ after urea/low salt treatment. as the test secretory control proteins ( Figure 1A , lanes There were significant changes in the percentage of marked S and P for the secretory controls.) To explore translocation intermediate extracted from the memthe biophysical interactions affecting extraction of the brane with urea starting with the construct TMS2ϩ22, translocation intermediates, we varied the concentrathe shortest intermediate to be glycosylated. With this tion of KCl in the extraction buffer from 0 to 500 mM construct, at least two events were occurring: N-linked KCl. (The previous extractions in Figure 2 were done in glycosylation of the nascent peptide and translocation the more physiological 150 mM KCl). Varying the salt of the TMS (and potentially protein folding and interaction with lumenal proteins). Glycosylation has been concentration had no effect on the urea extraction of Translocation intermediates were synthesized and urea extracted as described in Figure 2 . However, the concentration of salt in the extraction media was varied from 0 to 150-500 mM.
(A) Effect of salt concentration in the urea extraction buffer on extraction of control proteins. The majority of the secretory control protein pre-pre-␣ factor was in the supernatant. The percentage that was extracted from the membrane was unaffected by the salt concentration. The control membrane protein, pSPS L G ST P, was predominantly in the pelleted membrane fraction. The percentage of the membrane-targeted glycosylated control membrane protein in the pellet was unaffected by the concentration of salt in the extraction buffer. shown to be important in the biogenesis of glycoproteins and 4 with lanes 7 and 8). These extractions were repeated for all nine intermediates in the biosynthesis of (Helenius, 1994) . To test whether the addition of bulky sugar groups anchored the loop between the first and Pgp both in the presence (closed square) and absence (closed triangle) of acceptor peptide ( Figure 6A ). Inhibisecond TMSs in the lumen of the ER , the urea extractions were repeated on each of the transtion of glycosylation (closed square) had no effect on the urea extraction of either translocation intermediates location intermediates after inhibiting glycosylation during the translation reaction with an acceptor peptide.
(solid lines in Figure 6A ) or peptides that had been released from their tRNA (broken lines). Extractions for the translocation intermediate TMS2ϩ39 are shown in Figure 6B . In this experiment, 26% of the protein was extracted under normal conditions (lane 1), Discussion while 25% was extracted upon inhibition of glycosylation (lane 5). Such inhibition had no effect on the extracThe use of translocation intermediates enabled us to analyze a protein at defined stages in its synthesis and tion of peptides that had been explicitly released from their tRNA with puromycin ( Figure 6B, compare lanes 3 determine which events in its biogenesis have occurred.
ribosomes, they could not be extracted. Thus, the TMSs do not appear to integrate into the lipid bilayer either cotranslationally or cotranslocationally, but wait until the remainder of the protein is synthesized and released from the ribosome.
Nature of the Urea-Sensitive State
These observations suggest that latent TMSs that have not been released from their biosynthetic ribosomes are maintained in a yet to be defined state. They are not yet membrane proteins, since they can be extracted from the membrane without detergents and thus are not yet integrated into the lipid bilayer. Nor are they secretory proteins, since they span the membrane and do not slip without perturbation. This paper explores the nature of this intermediate state. The concentration of salt in the urea buffer was varied to probe the nature of the bonds stabilizing the translocation intermediates with the membrane. This in- of the lipid bilayer (Parsegian, 1969) . Because we see changes in extraction based on salt concentration, the intermediates must be in a region that is accessible Translocation intermediates are nascent polypeptides of varying lengths still bound to their tRNA and riboto salt. The effects of varying salt concentration (see Figures somes. In this study, each nascent protein contains the amino-terminal sequence of Pgp, up to the position at 4 and 5) are consistent with an electrostatic interaction between the translocating chain and another protein, which its template was cleaved, with at least the 40 carboxy-terminal amino acids between the carboxy-terbut are inconsistent with a hydrophobic interaction (with either another protein or a lipid) as the primary stabilizing minal amino acid and the membrane. Studying the nascent protein in these conformations is important for force. Electrostatic interactions are destabilized by raising salt concentrations and stabilized by lowering them. understanding its in situ interactions and characterizing the mechanism of biogenesis. Many previous studies on In contrast, the vast majority of hydrophobic interactions are stabilized in higher concentrations of the salts NaCl protein biogenesis have utilized shortened constructs of proteins with termination codons that are fully syntheand KCl and destabilized in lower ionic conditions (Timasheff, 1993) . Thus, the biosynthetic intermediates apsized and released from the ribosome. Our results demonstrate that a biosynthetic intermediate still bound to pear to be stabilized in their transmembrane topography in an aqueous-accessible compartment, most likely via its tRNA and ribosome behaves very differently from one that is released or synthesized with a termination ionic rather than hydrophobic interactions. Varying the chemical nature of the ion had little effect on the extraccodon. There are differences in both the glycosylation of the peptides and in how they interact with the memtion. We tested for a potential role for an ATP-dependent chaperone in stabilizing the translocation intermediates. brane. The use of true translation and translocation intermediates allows us to observe at length stages that are However, urea extractability of the translocation intermediates was unaffected by varying the concentration normally only transient.
This study focuses on the relationship among three of ATP, GTP, or their nonhydrolyzable analogs (A. C. B. and S. M. S., unpublished data). steps in the biogenesis of polytopic membrane proteins: translation, translocation, and integration. We have reGlycosylation of the translocation intermediates may also stabilize them with the membrane. Their strongest cently demonstrated that the first TMS of Pgp translocates across the membrane sequentially, before subseassociation with the membrane was observed in the absence of salt. However, under these conditions, inhibquent TMSs emerge from the ribosome (Borel and Simon, submitted). The results in this paper demonstrate iting glycosylation did not facilitate their extraction from the membrane. These results have a few possible explathat, upon achieving a transmembrane topography, this first TMS can still be extracted from the membrane with nations. First, glycosylation may not serve a crucial role in the biogenesis of the Pgp intermediates. The extent to urea. This suggests it has not integrated into the hydrocarbon core of the lipid bilayer. Longer translation interwhich different proteins need their glycosylated groups has been shown to be variable (Helenius, 1994) . Second, mediates, including up to five of the latent TMSs, were also extracted from the membrane with urea. If, howthe glycosylation may not have much effect at the temperatures used in our work. Other studies have shown ever, any of these were released from their biosynthetic that the processing of newly synthesized proteins can under normal conditions, but it may not be the only one. Our experiments were done at low concentrations of be temperature sensitive (Machamer and Rose, 1988; Ljunggren et al., 1990; Denning et al., 1992) . Loo and salt, where there is the greatest association of translocation intermediates with the membranes. Our goal was Clarke showed that reducing the temperature at which cell lines were grown resulted in processing and tarto test whether glycosylation was responsible for this association. However, it may be that other interactions geting of mutant Pgp proteins to the plasma membrane that were not processed at normal temperatures (Loo holding the translocation intermediates in place were so strong in low salt that inhibiting glycosylation had and Clarke, 1994). Because the translations were done at 22ЊC, followed by the extractions at 4ЊC, it is possible minimal effect. In fact, there is evidence that in physiological salt, glycosylation did affect the ease of extracthat removing the glycosylation groups on the intermediates had minimal effect at the low temperatures. Raising tion. All of these constructs were extracted with urea in physiological salt (Figure 2 ). With constructs TMS2ϩ39 the temperature to more physiological levels may show that N-linked oligosaccharides are necessary for proand TMS3Ϫ1, more of the unglycosylated tRNA-bound peptide was extracted into the supernatant (bands cessing the Pgp intermediates.
A third plausible explanation for these results is that marked by open squares) than the glycosylated tRNAbound peptide (bands marked by closed squares). Glythe N-linked oligosaccharides are a redundant system for Pgp biogenesis. It may be a useful stabilizing force cosylation of the tRNA-bound peptide was correlated with reduced extraction from the membrane. However, Conditions that subsequently dissociate the ribosomes from the membrane close the channels (Simon and Blothis effect was not consistently observed with all conbel, 1991). Second, nascent transmembrane proteins structs during urea extraction in 150 mM salt, nor was can be cross-linked to a similar set of resident ER proit observed during urea extraction in 500 mM salt (Fig- teins as secretory proteins (High et al., 1991 (High et al., , 1993 Thrift ure 4). et al., 1991; Oliver et al., 1995) . They continue to be cross-linked to the same subset of ER proteins even Advantages of Posttranslocational Integration after their TMSs are synthesized. Only upon completion of synthesis can they no longer be cross-linked to these The shielding of translocating chains from lipid has some proteins (Thrift et al., 1991) . This suggests that they advantages for the cell. Many proteins that are transloremain associated with the translocation machinery and cated across membranes have stretches of hydrophobic do not integrate into the lipid bilayer until they are reamino acids that fully cross to the lumenal side of the leased from the ribosome. ER. This is particularly striking for some of the viral fusion It has been recently reported that the TMS of one type proteins, such as influenza hemagglutinin. Energetics II membrane protein (having only a single TMS and its favor partitioning these hydrophobic stretches into lipid.
amino terminus located on the cytoplasmic side of the If any portion of a hydrophobic domain of a protein even membrane) could be cross-linked to lipids during protein transiently interacted with lipid during translocation, the biogenesis (Martoglio et al., 1995) . This observation, protein would become trapped. Subsequent translocawhich differs from ours, may be due to the use of differtion would be blocked until sufficient energy was exent model proteins. A type II membrane protein with a pended to extract these hydrophobic domains from the single TMS may have an explicit signal to trigger integralipid. These hydrophobic stretches are initially synthetion into the membrane prior to release of the peptide sized in the hydrophilic environment of the ribosome.
chain from the ribosome. In contrast, as mentioned To move them further along in an aqueous environment, above, there may be distinct advantages to not intefrom the interior of the ribosome to the interior of a grating the TMS of polytopic membrane proteins until water-filled protein-conducting channel and out to the the entire protein is in a transmembrane conformation. lumen of the ER, does not present an energetic barrier.
We have confirmed our observations using other model There are specific advantages to shielding latent polytopic membrane proteins such as opsin and the TMSs from interactions with lipids until translation is sodium-calcium exchanger (data not shown). complete. This is the stage at which polytopic memThere may be novel topogenic sequences in the polybrane proteins have to fold and form their proper intrapeptide that, in addition to previously reported signals molecular bonds. Many TMSs have charged groups to start transfer or stop transfer across the membrane, which, by themselves, should not be stable within the signal to integrate into the membrane. We have analyzed lipid bilayer. These groups are often stabilized by salt only translocation intermediates of Pgp up to the large bridges to charges in other TMSs. Thus, many TMSs cytoplasmic loop between the sixth and seventh TMSs. cannot be properly integrated into the bilayer until all This is partially the result of a technical limitation: it is interacting TMSs are synthesized, translocated, and very difficult to discern the tRNA-bound bands for larger folded.
peptides. However, one potentially interesting observaStabilizing the translocation intermediates across the tion is that many polytopic membrane proteins have membrane, but not through their TMSs, may reflect a multiples of six TMSs separated by large cytoplasmic specific maturation process. If a TMS were bound to loops. The ATP-binding cassette proteins such as Pgp, either lipids or the TMS of other chaperone-like proteins, cystic fibrosis transmembrane conductance regulator, it would be shielded from proper intramolecular interacand yeast Ste6p all have two groups of six TMSs sepations required for folding. Charged residues on either rated by a large cytoplasmic loop. The sodium channel side of the TMS may stabilize the translocation intermehas four such groups of six TMSs, each separated by diate. It has long been noted that there is a statistically a large cytoplasmic loop. It is possible that these prohigher density of positive and negative charges, respecteins are each integrated into the membrane six TMSs tively, on the cytoplasmic and lumenal/extracellular reat a time. The large cytoplasmic loops may have a novel gions adjacent to the TMS (Von Heijne and Gavel, 1988) . kind of signal "integration" sequence, which triggers the These charges may facilitate interaction with chaperprotein-conducting channel (either directly or indirectly ones that stabilize and promote folding of polytopic through the ribosome) to open laterally into the plane membrane proteins prior to integration into the lipid of the membrane to allow protein integration into the bilayer. bilayer.
One way of ensuring that all TMSs are properly folded
Experimental Procedures
prior to their integration is to postpone their embedding in the lipid until synthesis of the protein is complete.
Materials
The signal for this could be the release of the ribosome pre-pro-␣ factor was supplied by Promega. The membrane control Ϫ70ЊC or to a Molecular Dynamics phosphor screen. The scanned images were analyzed with Molecular Dynamics software. The volprotein (pSPSLGSTP) (Rothman et al., 1988) was supplied by Dr. V. Lingappa, and vesicular stomatitis virus glycoprotein was provided ume integration of each object on the image was defined as the sum of the values for all pixels minus the background of the object. by Dr. A. Helenius. Transcription reactions were carried out following the instructions of the manufacturer (SP6 MEGAscript kit, Ambion) following restriction enzyme cleavage of the plasmid. Transcription Acknowledgments reactions were done at 30ЊC to minimize shortened mRNA products and included Cap Analog (Ambion) m7G(5Ј)ppp(5Ј)G. All mRNA was Correspondence should be addressed to S. M. S. This work was purified with phenol and chloroform extractions, precipitated, and supported by an Irma T. Hirschl-Monique Weill-Caulier Career Scialiquoted for storage.
entist Award and by support of the Paul Ehrlich Foundation to S. M. S. We would like to thank Michele Baez and Shoshana Hort for technical assistance, Mel Schindler for comments on the manuProtein Translations script, and Adrian Parsegian and members of the Simon lab for In vitro translations were performed using the Promega rabbit reticumany stimulating discussions. locyte lysate system, except one-half volume of the suggested reticulocyte lysate was used and the reaction was supplemented with Received August 24, 1995; revised March 25, 1996. a buffer containing 120 mM KOAc (pH 7.5), 50 mM HEPES (pH 7.5), and 2 mM Mg(OAc)2. Pancreatic microsomal membranes were either References from Promega or were prepared as described by Walter and Blobel (1983) (1986) . Internal duplication and homology ering the temperature of translation reactions optimizes the amount with bacterial transport proteins in the mdr1 (P-glycoprotein) gene of protein that remains suspended by its ribosome. Finally, the transfrom multidrug-resistant human cells. Cell 47, 381-389. lation intermediates were kept on ice when possible to prevent Crowley, K.S., Liao, S., Worrell, V.E., Reinhart, G.D., and Johnson, reactions that may hydrolyze the peptide-tRNA bond.
A .E. (1994) . Secretory proteins move through the endoplasmic reticulum membrane via an aqueous, gated pore. Cell 78, 461-471.
Harvesting Microsomal Membranes
Translation products were layered on top of 100 l of 1.0 M sucrose Denning, G.M., Anderson, M.P., Amara, J.F., Marshall, J., Smith, (with 20 mM KHPO4 [pH 7], 1 mM ␤-mercaptoethanol, and 2 mM A.E., and Welsh, M.J. (1992) . Processing of mutant cystic fibrosis Mg[OAc]2) and 10 l of 2 M sucrose to harvest proteins that were transmembrane conductance regulator is temperature-sensitive. targeted to the ER microsomes. After centrifugation in a Beckman Nature 358, 761-764. Optima TLX Ultracentrifuge at 186,000 ϫ g for 15 min at 4ЊC, the Friedlander, M., and Blobel, G. (1985) . Bovine opsin has more than top of the cushion was removed. The supernatant, containing proone signal sequence. Nature 318, 338-343. tein not associated with the membrane vesicles, was acetone preFujiki, Y., Hubbard, A.L., Fowler, S., and Lazarow, P. (1982) . Isolation cipitated and examined by SDS-PAGE. The majority of the translaof intracellular membranes by means of sodium carbonate treatment tion product was generally found with the ER microsomes in the 25 application to endoplasmic reticulum. J. Cell Biol. 93, 97-102. l portion of the sucrose left behind, layered on top of the 2 M Georges, E., Tsuruo, T., and Ling, V. (1993). Topology of P-glycoprosucrose cushion. This fraction was either examined by SDS-PAGE tein as determined by epitope mapping of MRK-16 monoclonal antior used for subsequent experiments.
body. J. Biol. Chem. 268, 1792-1798.
Gerlach, J.H., Endicott, J.A., Juranka, P.F., Henderson, G., Sarangi, Urea Extraction F., Deuchars, K.L., and Ling, V. (1986) . Homology between P-glycoThe targeted proteins were extracted with a solution of 4.5 M urea, protein and a bacterial haemolysin transport protein suggests a 150 mM KCl, 1 mM ␤-mercaptoethanol, and 5 mM Mg(OAc)2 with a model for multidrug resistance. Nature 324, 485-489. buffer of either 20 mM K-HEPES (pH 7.2) or 20 mM KHPO 4 (175 l of a 5.15 M urea stock was added to the 25 l harvested sample).
Gilmore, R., and Blobel, G. (1985) . Translocation of secretory proAfter thorough mixing, the sample was kept on ice for 30 min. The teins across the microsomal membrane occurs through an environsamples were centrifuged in a Beckman Optima TLX Ultracentrifuge ment accessible to aqueous perturbants. Cell 42, 497-505. at 279,174 ϫ g av for 30 min at 4ЊC to pellet the membranes. Variations Green, N., Fang, H., and Walter, P. (1992) . Mutants in three novel on the procedure included the varying the KCl concentration (from complementation groups inhibit membrane protein insertion into 0 to 500 mM) and varying the urea concentration (from 3 to 7 M).
and soluble protein translocation across the endoplasmic reticulum The supernatant was removed and precipitated with 5 vol of icemembrane of Saccharomyces cerevisiae. J. Cell Biol. 116, 597-604. cold acetone. Precipitation with trichloroacetic acid was found to Gros, P., Croop, J., and Housman, D. (1986) . Mammalian multidrug hydrolyze the tRNA-peptide bond and release the peptide from its resistance gene: complete cDNA sequence indicates strong homolribosome. Both the supernatant and pellet samples were resusogy to bacterial transport proteins. Cell 47, 371-380. pended in 1ϫ loading buffer (with 4% SDS, 0.125 M Tris [pH 6.8], Helenius, A. (1994) . How N-linked oligosaccharides affect glycopro-8 M urea, 10% ␤-mercaptoethanol, and 0.025% bromophenol blue) tein folding in the endoplasmic reticulum. Mol. Biol. Cell 5, 253-265. and were run on SDS-polyacrylamide gels.
High, S., Gö rlich, D., Wiedmann, M., Rapoport, T.A., and Dobberstein, B. (1991) . The identification of proteins in the proximity of Gel Electrophoresis and Image Analysis SDS-PAGE used 9%-12% polyacrylamide with 6 M urea. After drysignal-anchor sequences during their targeting to and insertion into the membrane of the ER. J. Cell Biol. 113, 35-44. ing, the gels were exposed either to Kodak X-OMAT AR-5 film at
